Combining the main advantages of the permanent magnet synchronous motors and pure synchronous reluctance motors (SynRM), permanent magnet assisted synchronous reluctance motor (PMaSynRM) has been considered as a promising alternative to the conventional induction motors. In this paper, utilizing a macroscopic design parameter, called insulation ratio along the q-axis, and based on the magnetic reluctance concept, a simple and fast design procedure of synchronous reluctance motor is introduced. Then, the performance improvement of the machine by inserting the permanent magnets into the rotor body is investigated. After calculating the width of the magnetic flux barriers two dimensions Finite Element Method (FEM) analysis simulation of the designed motor is presented. Additionally, the performance characteristics of the designed motor such as torque producing capability and torque ripple are discussed. Furthermore, thermal analysis is conducted to determine the temperature distribution in the designed motor. Consequently, the prototype motor is fabricated and the experimental results are compared to the simulation results which validate the usefulness of the design method.
INTRODUCTION 1
Nowadays, there is an increasing tendency to use energy efficient electrical machines among which reluctance machines, both switched reluctance machines (SRM) and synchronous reluctance machines (SynRM), are of great interest [1] [2] [3] . High efficient, low cost, robust rotor structure, no rotor winding, hence no copper losses features of SynRM make it one of the most promising alternatives for costly permanent magnet machines (PM) or low efficient induction machines (IM) [4, 5] . However, if SynRM does not have large enough magnetizing inductance difference along the two orthogonal axes, called d-and q axes, and suitable saliency ratio on the rotor structure as well, it will suffer from its poor performance characteristics such as low average torque, high torque ripple, and low power factor [6] . Therefore, a vast amount of efforts has been dedicated to the rotor design of SynRM where the idea of using multi-layer flux barriers has used widely [7] . *Corresponding Author Email: e-afjei@sbu.ac.ir (E. Afjei) However, for a same level of output power SynRM without magnet would have higher volume compared to the conventional induction motors or PM motors [7] [8] [9] . Therefore, the suggestion of placing magnets into the rotor cavities can provide further improvement in the torque producing capability of permanent magnet assisted SynRM (PMaSynRM). On the other hand, the torque pulsation is a crucial term in the quality of the produced torque [9, 10] . Cogging torque effect, as a result of utilizing magnets, on the output torque should be considered in the PMaSynRM design stage [11] . Most of the studies on SynRM design have focused on the flux barrier shape optimization with different objective functions such as maximizing the average torque and minimizing torque ripple. While the rotor has a complex structure innately, the flux barrier involves too many geometric parameters to optimize. Generally, two possible solutions have suggested in literature: (a) running parametric sensitivity analysis through implementation of the different cases by finite element method (FEM) [12, 13] (b) utilizing lumped parameter model (LPM) of the cases and solving the magnetic circuit analytically [11, 14] . Whereas the former method is time consuming but the results are almost precise, the latter is fast but the inaccuracy of the provided results should be corrected by conducting some FEM simulations [15] .
To deal with this challenge in the rotor design, this paper presents a combined analytic -FEM based method which uses a macroscopic parameter, called insulation ratio, to link the microscopic geometric parameters.
PRINCIPLE OF SYNCHRONOUS RELUCTANCE MOTOR
SynRM works based on a variable reluctance concept where there are two different paths for the flux lines produced by the stator winding on the air-gap. The path through the iron segment of the rotor is called direct axis (d-axis) which has minimum magnetic resistance (minimum reluctance), as shown in Figure 1 . The other path with maximum reluctance, which contains magnetic flux barriers, is called quadratic axis (q-axis). Figure 1 shows a typical 4 pole PMaSynRM with three flux barriers in each pole.
The output torque equation of the SynRM after inserting the magnets into the flux barriers is defined as follows [16] :
where p is pole pair number of the motor, λpm is the permanent magnet flux linkage, idm, iqm are stator current components and Ldm, Lqm are magnetizing inductances in d-and q-axes, respectively. Equation (1) illustrates the produced torque of PMaSynRM has two parts: fist, the reluctance torque as a result of salient rotor structure, and second the permanent magnet resultant torque. 
ROTOR DESIGN OF SYNRM
Flux barriers inside the rotor body may have different shapes depending on the general specifications of the SynRM such pole number of the motor, stator slot shape and so on. In order to define the rotor geometric parameters and simultaneously to facilitate the parametric sensitivity analysis on the initial design, a rotor shown in Figure 2 with rationally shaped flux barriers is selected. The shapes and positions of the flux barriers are defined by calculation the widths of flux barriers (Wbi) and flux carriers (Si) along the q-axis and also by determining the end point angles of the flux barriers on the periphery of the rotor. Additionally, a virtual point with angle β with respect to q-axis is used to adjust the end point angles. At the first step, the magneto motive force (MMF) produced by the stator winding simplistically is assumed to have a sinusoidal distribution over the air-gap. Considering uniform distribution of the end points of the flux barriers (αm=constant), staircase distributions of the stator MMF in the d-and q-axes on the rotor for β = 0 are shown in Figure 3 . Figure 3 shows adjusting the angle β changes the end point angle of each flux barrier (αi). Therefore, for a certain value of the motor pole number (P), number of barriers (nb) and for a known β , the end 
Δf q3 cos(2pα)
Sin (2pα) points pitch angle is defined [18]:
Two general rules are applied to calculate the widths of flux barriers and flux carriers. Firstly, considering "homogeneous salient rotor" concept, the permiance ratio of the flux barriers (pi/pj) is constant and then the widths of two adjacent flux barriers are proportional to the average MMFq difference as follows [16]: 
in Sf It is worth noting, as the d-axis is in the middle of the first iron segment, to calculate the width of the first carrier it is assumed that 2S1 is proportional to fd1. Applying this rule makes the uniform utilization of the iron segments possible.
With the aim of connecting the microscopic parameters involved in the rotor geometry, the insulation ratio is defined as Equation (5) where la is total insulation along the q-axis, ly is total iron portion, Dsi is inner diameter of the stator, Dsh is shaft diameter, and g is the air gap length. 
Moreover, the nb+1 unkwon widths of the flux carriers can be determined as follows: 
It is worthwhile to mention that the optimum value of insulation ratio is selected based on running a limited number of parametric sensitivity analysis.
FINITE ELEMENT ANALYSIS RESULTS
The rotor design procedure described in the previous section is applied to a motor with general specifications provided in Table 1 . The resultant 2D model of the motor is implemented and then sensitivity analysis results of the initial design are presented in Figure 4 . The provided simulation results in this section are for 2.2 A stator current and rated speed of 1500 rpm. According to the Figure 4 the output torque has a maximum of 4.25 N.m at 0.6 value of insulation ratio. Therefore, the optimum value of the insulation ratio is determined by running only six simulation cases. Figure 5 shows the torque profile for two values of β. It is clear by changing the β from 0 to 0.5αm the torque ripple is decreased from 60% to 44.6%. Therefore, β can be used to adjust the output torque ripple of SynRM.
Although utilizing β increases the number of degrees of freedom, the end points pitch angle αm is constant. In order to expand the search area, the end points of the barriers can be distributed non-uniformly. Subsequently, the output torques with maximum average and minimum torque ripple are shown in Figure 6 . Summing up, nonuniform distribution of the end points reduces the torque ripple from 32.88% to 18.2% though the average torque is decreased as well. However, one of the common issues associated to the PMaSynRM is cogging torque. Cogging torque makes Figure 7 . Although, increasing the width of magnets increases the maximum cogging torque from 22 mN.m to 54 mN.m, it also elevates the output torque, which is shown in Figure 8 . To ensure a safe operation of the designed motor, thermal distribution of SynRM is presented in Figure 9 . As the copper losses of the stator winding are the main source of heating, the hot spot area is around the stator slots. 
MEASUREMENT RESULTS
Prototype of the designed SynRM is shown in Figure 10 . In order to validate the simulation results, the prototyped motor is tested by the provided test-bench in Figure 11 . Firstly, based on the locked rotor test the phase inductance of the motor is compared by the FEM simulation results in Figure 12 . Although there is a slight difference, the measured inductance trend is as same as the FEM result. Secondly, the output torques of the cases, SynRM and PMaSynRM, at the rated speed of 1500 rpm and 2.2 stator current (shown in Figure 13 ) are compared with simulation results in Figure 14 .
According to the presented results, generally measurement results are lower than simulation results though the fabricated PMaSynRM has higher performance characteristics in terms of average torque, torque ripple and power factor. The reason for the difference between FEM and experimental results are the mechanical implementation inaccuracy in addition to the materials used to prototype the motor. However, the comparison of experimental results of the SynRM and PMaSynRM are in a good agreement with the simulation results by the FEM analysis. 
CONCULSION
In this paper, a simple and fast rotor design procedure of SynRM is proposed. The insulation ratio is an effective parameter to link the geometric parameters involved in the rotor structure where the main design goal is to maximize the output torque. Moreover, the effect of the end point angles of the flux barriers on the torque ripple is considered. Furthermore, the pros and cons of placing the permanent magnets into the flux barriers in PMaSynRM are discussed. Based in the FEM and experimental measurement results PMaSynRM has higher torque producing capability in comparison to the pure SynRM.
